another possible cause arises if polymer chains acquire partial ionic character during free radical polymerisation in water. In the literature this eventuality is frequently cited, but only inferred [9] [10] [11] [12] . Clear evidence, either for or against, is lacking. Schild, in an admirably incisive review of the properties of PNIPAM both in hydrogels and in aqueous solution, explicitly refers to this possibility, opining that "the amount of ionic groups introduced by the initiator and differences among the various experimental techniques employed for observing the transition account for the discrepancies among the various research groups" [13] . While different experimental techniques may yield different types of average in a measurement, it is well established that ionic groups certainly do change the physical properties of the PNIPAM homopolymer [7, 8, 14, 15] . In this text, for the case of gels, we use the term homopolymer to refer exclusively to the network chains, ignoring the crosslinker. The principal purpose of the present investigation is to circumscribe the causes of the observed diaspora of experimental results by examining one of the above possible sources, namely the ionic group hypothesis. To this end we try to evaluate the ionic content of PNIPAM hydrogels synthesized under normal conditions, according to standard recipes with ammonium persulphate as initiator [16, 17] , but avoiding deliberate functionalization of the polymer [18] .
The presence of ionic groups is in fact difficult to ascertain, as the task of distinguishing the effects of intrinsic ionic groups on the properties of a polymer from those of attendant ions that surround polar groups is not always clear-cut. For this reason we employ a variety of observational methods. The paper is organised as follows. First, as it is a sensitive indicator of intrinsic ionic content, we consider the osmotic pressure of gels and recall the method by which it is determined. Then the sample preparation and the experimental methods used to characterise the gels are defined, including potentiometric titration, swelling measurements and DSC, conducted systematically under different conditions of pH, ionic strength and buffer solution. A comparison is made between the osmotic pressure of the uncross-linked polymer in pure water and that of the gels, as deduced from the swelling measurements. This is followed by an investigation of the variation of the osmotic pressure of the gels as a function of added salt. The response of PNIPAM gels to ions follows closely that of uncross-linked PNIPAM solutions [19] [20] [21] . The findings are discussed in comparison with polyelectrolyte gels, a class of polymers that exhibits analogous volume phase transition behaviour in the presence of salt. Relevant background information and measurements are included in the Supplementary Information.
The literature on PNIPAM contains an immense amount of information on the effects of ionic salts and pH on its transition properties under different conditions. A secondary motivation for this work is that the many of the actual and potential applications of PNIPAM hydrogels synthesized under standard conditions, e.g., in body fluids, various co-solutes under different ionic conditions, call for a systematic picture that discriminates between the influence of ion concentration and that of pH on the swelling and the osmotic properties.
Theoretical Background
The ability of gels to swell and deswell is governed by the free energy landscape, and is expressed through a measurable quantity, the osmotic pressure. The amount by which a gel swells in a given solvent is determined by the balance between the osmotic pressure Π, which expands the network, and the volume elastic modulus G V , which limits extension of the chains. The analysis used in the following adopts the Flory-Rehner scheme [22] , as employed by Horkay and Zrinyi [23] , according to which at swelling equilibrium with the free solvent
In lightly cross-linked gels such as those described here the volume elastic modulus G V has been shown to be numerically equal to the shear elastic modulus G [24] .
For a given gel composed of independent Gaussian chains [25] ,
where φ is the polymer volume fraction and G 0 , the value of the elastic modulus extrapolated to φ=1, depends only on the cross-link density and on the absolute temperature T. Moreover, according to scaling theory and experimental observations [26, 27] , the osmotic pressure Π obeys a power law dependence on φ of the form
where, in the case of excluded volume statistics, n is close to 9/4. If the polymer contains uncompensated ionic groups, the resulting electrostatic repulsive interaction enhances the value of A and causes greatly increased swelling of the gel. Thus, for a given gel at swelling equilibrium φ e with the solvent,
For the present purposes it is assumed that for gels in the swollen state if the solvent is modified, either through the pH or by addition of salt, the strength of the excluded volume, i.e., the prefactor A, may change, but not the nature of the excluded volume statistics, as expressed through the exponent n. Furthermore, in the region where the network chains behave according to Gaussian statistics, G 0 is invariant, and the value of A in Eq. (4) therefore depends only on the polymer volume fraction at equilibrium swelling φ e . This latter assumption may become questionable close to the transition temperature T VTP , where chain association can take place, but at the lower temperatures considered here, it is probably an acceptable
approximation. For consistency, in what follows, we replace the polymer volume fraction by the mass concentration c = ρφ, where ρ = 1.115 g/mL is the density of the dry PNIPAM [28] . This substitution, which is important in comparing experimental results, implies a redefinition of the prefactor A. To avoid the use of clumsy units we merely state "where c is in g/mL".
In contrast to gels, in uncross-linked polymer solutions the osmotic pressure can be expressed as the sum of two terms,
where A 1 = 1/M n , R being the gas constant, T the absolute temperature, and M n the (number average) mass of the dissolved polymer molecules. In dilute solutions, where the osmotic pressure is simply proportional to the number of dissolved molecules, the first term dominates. The second term in Eq. (5) is the scaling expression that replaces the second and higher order terms in the traditional virial expression for the osmotic pressure [29] , and where, in the semi-dilute concentration range (c ≤ 0.1-0.2 g/mL), the exponent adopts the value n = 9/4. The osmotic pressure measurements of Nagahama et al. [6] in solutions of uncross-linked PNIPAM, on being interpolated to 20 ºC, yield for Eq. (5) Π = + 0 006 3 73 9 4 .
. c c MPa with c in g/mL (see Appendix, Figs. A1, A2). The non-aqueous synthesis route and careful sample preparation employed by these authors minimized ionic impurities, thus providing a benchmark for osmotic pressure data in aqueous solutions of PNIPAM.
The first term in Eq. (6), which arises from the translational freedom of the polymer chains, has no equivalent in gels. However, comparison of the value of A in Eq. (4) for a gel with that of A 2 for a reference uncross-linked polymer solution in Eq. (6) not only is an important indicator of the presence of electrostatic interactions in the gel, but could also provide a measure of the effect of changes in the solvent composition upon the strength of the excluded volume interaction.
Experimental 3.1 Materials
N-isopropylacrylamide (NIPAM) (>99%) from Aldrich and N,N,N',N'-tetramethylethylenediamine (TEMED) (99%), supplied by Fluka, were used without further purification. Hydrochloric acid (HCl) (analytical reagent = AR), potassium hydroxide (KOH) (AR), sodium hydroxide (NaOH), calcium chloride (CaCl 2 ) (AR) and sodium tetraborate (AR) were purchased from Merck, N,N'-methylenebisacrylamide (BA) (99%), ammonium persulphate (APS) (99%), acetic acid (AR), disodium phosphate (Na 2 HPO 4 ) (AR), disodium phosphate dodecahydrate (Na 2 HPO 4 ·12 H 2 O) (AR) and imidazole (AR) from Sigma-Aldrich, and potassium chloride (KCl) (AR), disodium phosphate monohydrate (Na 2 HPO 4 ·2H 2 O) (AR), boric acid (AR), phosphoric acid (AR) and citric acid (99%) from Reanal.
Synthesis of PNIPAM gels
PNIPAM hydrogel films of thickness 3 mm were synthetized from NIPAM monomers and BA cross-linker in the molar ratio [ [30] . Polymerization took place at 20 °C. Gel samples were dialyzed in doubly distilled water to remove unreacted compounds. For swelling measurements gel films were cut into disks (diameter 7 mm), then dried and stored above concentrated sulphuric acid. For calorimetric measurements dried gel disks were powdered to particles of size 0.2-1 mm. The elastic moduli of the samples were measured as reported earlier [31] .
Buffers
The pH sensitivity of the swelling degree was measured on gel disks in three types of aqueous buffer solution in the pH range 3-9. Phosphate buffers (Table S1 , Supplementary Information) were chosen because of their wide relevance in biomedical systems. The commonly used Britton-Robinson buffers are also investigated (Table S2 ) [32] . Britton-Robinson buffers with constant pH (4.5) with various ionic strengths are also examined in order to eliminate the effect of pH. The ionic strength (0.045-1.045 M) was set with KCl (Table S3) . Conversely, to eliminate the influence of ionic strength, citrate buffers of different pH but constant ionic strength (0.15 M) were investigated (Table S4 ).
Methods

Swelling experiments
For the swelling measurements dry disks were equilibrated at 20.0 ± 0.2 °C in various aqueous solutions for 1 week. The equilibrium swelling ratio (1/φ e , where φ e is the equilibrium polymer volume fraction) was determined from the mass balance as:
where m gel,dry is the mass of dry and m gel,swollen is the mass of equilibrated gel disks, and the density of water is taken to be 1 g/mL.
Differential scanning microcalorimetry (DSC)
DSC measurements were performed on a MicroDSCIII apparatus (SETARAM). The PNIPAM samples were ground to powder to reduce retardation effects from diffusion. Unless otherwise stated, samples incubated in the aqueous solutions were heated from 10 to 40 °C at scanning rate dT/dt = 0.02 °C/min.
This slow scanning rate was chosen to minimise kinetic effects. The onset temperature T onset was defined as the intersection of the baseline and the tangent at the first peak inflection point. Reproducibility of T onset , was 0.1-0.3 ºC. The endothermic enthalpy values ∆H were obtained from the peak integrals with a standard error of 5-7%. The entropy values ∆S reported here are defined by
Potentiometric titration
The acid-base properties of PNIPAM hydrogel were studied by continuous potentiometric titration in the pH range of 3 to 10 in CO 2 -free media on a laboratory-developed system. The NaCl background electrolyte concentrations were 0.01, 0.1 and 1 M, respectively. The initial pH was measured before titration. At each titration point the equilibrium of acid-base consumption was defined by the pH settling criterion ≤ 0.0005 pH/s. Surface excess amounts of H + (n ) for dilute solution adsorption [33, 34] was derived directly from the initial and equilibrium concentrations of the solute at each point of the titration and plotted as a function of the equilibrium pH. The reversibility of the titration was tested in a cycle of forward and backward titrations from the immersion pH 5.5, increasing to pH 10, then descending to pH 3, and finally returning to the immersion pH 5.5. Titrations reported here were performed at 25 ºC.
Results and discussion
The shear elastic moduli of two separately prepared fully swollen samples measured at 20 ºC were respectively G = 0.83 ± 0.04 kPa (1/φ e = 37.1) and G = 0.87 ± 0.04 kPa (1/φ e = 35.7). Within experimental error, these results are indistinguishable. From Eqs. (1)- (3), these values yield for the osmotic pressure in the gel with c expressed in g/mL. Dynamic light scattering yields an independent estimate of the osmotic pressure in these gels [31] . The intensity of light scattered by the osmotic concentration fluctuations in a gel is defined by the Rayleigh ratio where k B is the Boltzmann constant, T the absolute temperature, n 0 = 1.334 the refractive index of the gel, dn 0 /dc = 0.167 mL/g is the refractive index increment with respect to water [35] , and
is the longitudinal osmotic modulus that governs osmotic plane waves in gels [36] . In Eq. (10), λ = 6.328 10 −5 cm is the wavelength of the incident light in vacuo. For a PNIPAM gel swollen to equilibrium with pure water at 20 ºC with swelling ratio 1/φ = 35.7, it was found that R θ = 1. 33 4 3 With n = 9/4, and the equilibrium swelling condition, Π gel = G, we find
Finally, the dynamic light scattering method thus yields
. c
In view of the difference in measurement technique, the agreement between the two independent estimates in Eqs. (9) and (15) is acceptable and confirms that the osmotic pressure pre-factor is appreciably lower in the gel than in the uncrosslinked solution (Eq. (6)). We recall, however, that experimental observations on a variety of polymer gels have shown that, while the exponent n remains the same, the pre-factor A of the osmotic pressure in the gel is consistently lower than in the uncrosslinked solution [37] [38] [39] . This difference, attributed to a decrease in the effective polymer concentration due to immobilisation of network chains in the vicinity of the cross-links, amounts to a reduction of 30%-50% in the value of A. Conversely, if incompletely screened ionic groups are present, the excluded volume interaction increases. In such cases, uncross-linked polymer solutions do exhibit a substantial increase in their osmotic prefactor A 2 , with no change in the value of n [40, 41] .
From the comparison between the values of A in the PNIPAM gels and that of A 2 in Eq. (6) for uncross-linked solutions it can be concluded that, if ionic groups are present in the gels investigated here, their contribution to the excluded volume interaction is small.
An important extension of this discussion arises from a comparison between the present findings and those of Shibayama and Tanaka [5] , which provides new insight into the PNIPAM system. The present gels, as well as those of previous work by our group [31] in which the cross-link density was varied, were prepared at 20 ºC. The power law dependence on concentration of the shear modulus and the Rayleigh ratio were found to be consistent with the predictions of scaling theory under excluded volume conditions, namely n ≈ 9/4 and n-2 ≈ 1/4, respectively [31] . By contrast, the investigation of ref. 5 found that at 20 ºC the power law variation of M os is much stronger, with n > 3. This discrepancy originates from the method of preparation. In ref. 
to T VPT , whereupon specimens of the appropriate diameter were cut from the master gel. These were then placed in the scattering cells out of contact with surplus water and brought to the assigned temperature of measurement. The substantial difference observed in the scaling laws resulting from this procedure indicates that, without contact with surplus solvent, chain associations and folding that occur when PNIPAM gels are brought close to T VPT are not reversible. This phenomenon, analysed in more detail in the Appendix, is a sign of frozen conformations, or frustrated equilibrium, to which the PNIPAM system appears to be susceptible, and which could be a major cause of the observed experimental discrepancies.
Acid and base solutions
Information on the intrinsic ionic content of the gels is found from potentiometric titration. The potentiometric titration curve calculated from the H + /OH -balance in Fig. 1 demonstrates that PNIPAM is sensitive to pH. Starting from the immersion pH 5.5 up to pH 10, then down to pH 3 and returning to pH 5.5, the titration cycle reveals irreversibility. The irreversibility stems from the limited mobility of ions within the swollen gel, especially of negatively charged OH -ions from the base titrant above pH 6, where the gel matrix is polarized negatively (upgoing curves) [42] . At pH < 5.5 surface proton excess occurs, due to protonation of polar region of the polymer side group. At higher pH the negative values generally correspond to proton release or to binding of hydroxyl ions. In this case the pH response indicates that the basic character of the polar region is weak. The curve is asymmetric, base consumption being much larger than proton excess in the corresponding pH region. This asymmetry is also an indicator of preferential affinity of the PNIPAM gel for anions. At the highest pH values (pH>13), chemical degradation takes place [43] . These observations bear no hallmark of intrinsic ionic behaviour. They are, on the contrary, consistent with recent work that highlights the important role played in the transition by local interactions between anions and the amide groups in the PNIPAM chain [16, [44] [45] [46] .
Numerous investigations have examined the question of pH sensitivity of PNIPAM hydrogels [47] [48] [49] [50] [51] [52] [53] , but these works refer mainly to copolymer systems. Of particular interest is the study of Hirotsu et al. [14] , which showed that at neutral pH, NIPAM-acrylic acid copolymer gels undergo a discontinuous transition as a function of temperature above a certain acrylic acid content. For the PNIPAM gels described here, the transition is continuous [54] . This condition sets an upper limit for their intrinsic ionic content of about 0.1%. Figure 2 shows the equilibrium swelling degree φ 0 /φ e , as well as the onset temperature T onset , as a function of pH under different solvent conditions. In salt-free conditions (i.e., no added salt) the shape of the swelling curve φ 0 /φ e mimics the potentiometric titration curve of Fig. 1 . The maximum in φ 0 /φ e around pH 3 is the consequence of induced polyelectrolyte behaviour associated with protonation of the NIPAM polar group, as mentioned above. In the acidic region below pH 3, φ 0 /φ e decreases almost linearly with decreasing pH in response to the increasing ionic strength (HCl, ionic strength range 0.001-1 M). Conversely, in the range pH 11-13 (KOH, ionic strength range 0.001-1 M), φ 0 /φ e increases linearly with increasing pH. This behaviour is the signature of increasing hydrolysis at high pH. As with other hydrolysed gels of the acrylamide family, these networks swell by several orders of magnitude when placed in pure water, even to the point of rupture. At pH 13.5 and 14 the ionic strength of the solution causes the gel to collapse. To the naked eye, however, the gels remain intact. The onset temperature, T onset , is practically independent of pH in the range 3 ≤ pH ≤ 10. Outside this range, T onset decreases, almost certainly also due to the accompanying increase in ionic strength. Figure 2 also illustrates how, when buffer solutions are used to modify the pH, the swelling ratio decreases markedly with respect to the salt free condition, and that T onset decreases with increasing pH. The response of the gels to buffer solutions (see Supplementary Information) also highlights the importance of the background electrolyte.
The DSC response of PNIPAM samples in acidic solutions for the range 0 ≤ pH ≤3 with no added salt, and in basic solutions in the range 11 ≤ pH ≤ 14, is shown in Fig. 3 . At the acidic end of the range T onset decreases linearly with ionic strength I, in agreement with observations in the literature [55] . At pH = 0, the shape of the transition broadens, indicating a change in the network chains. This change is reversible. At high pH, the shape and the position of the transition peak also vary, but more strongly. The hydrolysis of the polymer chains is irreversible. The enthalpy ∆H and corresponding entropy ∆S of the endothermic transition in aqueous solutions of HCl and KOH are practically independent of pH ( Table 1) . 
Effect of ions
The sensitivity of PNIPAM to various anions in the Hofmeister series [56] is well known [21, 46] . Table 2 lists the effect of cations from various alkali and alkali earth metal chlorides on T onset and on ∆H and ∆S of the PNIPAM gel phase transition. The decrease in T onset due to cations follows the same order as the Hofmeister series, H + < Na + = K + < Mg 2+ < Ca 2+ < Sr 2+ . The position and the shape of the phase transition peak of PNIPAM samples determined from the DSC response in aqueous KCl solutions, display no perceptible trend as a function of ionic strength in the range 0 ≤ I ≤ 1 M at pH 6. As also found by other investigators [16, 17, 55] , T onset decreases linearly with I to a high degree of precision (Fig. S1, Supplementary  Information) . Within experimental error, the enthalpy and entropy of the transition are independent of ionic strength. The effect of the ionic salts KCl and CaCl 2 on the swelling degree and the osmotic pressure of the gels is shown in Fig. 4 . On plotting φ 0 /φ e as a function of the ionic strength I of the solution surrounding the gel, with these two salts the VPT occurs at different values of I (Fig. 4a) . In both cases φ 0 /φ e decreases exponentially with I in the region before the collapse. This response is inconsistent with that of polyelectrolytes, where the osmotic pressure obeys a power law function of ionic strength [57] . With the divalent salt CaCl 2 , the deswelling exhibits a two-step process that implies partial chain folding, analogous to that observed by Zhang and Cremer with Na 2 SO 4 [46] . The gel remains transparent as far as φ 0 /φ e ≈ 0.4.
The corresponding calculated variation of the osmotic pressure pre-factor A, defined at each salt concentration by the equilibrium condition Eq. (4), is plotted in Fig. 4b as a function of concentration of Cl -ions for both KCl and CaCl 2 , rather than as a function of ionic strength I, as in Fig. 4a . In this semi-logarithmic representation the straight line behaviour in the swollen state for KCl (c Cl-< 1 M) reproduces the exponential behaviour seen in Fig. 4a . This response differs markedly from that of T onset (Fig. S1) , which decreases linearly with respect either to I or to c Cl-. Fig. 4b provides confirmation that it is the anion concentration that determines the VPT, which at 20 ºC takes place at c Cl-= 1M. With CaCl 2 the initial decrease is indistinguishable from that with KCl, but at c Cl-> 0.5 M it diverges, decreasing approximately as a power law, but, as was observed by Zhang et al. in uncross-linked solutions of PNIPAM [45] , in discontinuous steps. This phase of the deswelling trajectory ends at c Cl -= 1 M, the same point of collapse as with KCl. It should be borne in mind that the partial chain association and folding that is hypothesized in this intermediate region undermines the assumption that G 0 is invariant, and hence the numerical values of A in that regime are not reliable. It is also remarkable that in the swollen state, neither response resembles that of a polyelectrolyte solution, where the osmotic pressure varies with ionic strength as I −0.75 (broken lines in Fig. 4b ) [39, 40] . A striking contrast to this behaviour is provided by polyelectrolyte gels in equilibrium with an infinite bath: the critical ion concentration in the surrounding solution at which the present gels collapse is about three orders of magnitude greater than for polyelectrolyte gels, and the ion exchange capacity is negligible [58] . This comparison again shows that the ionic content of the gel is very much smaller than 1%. These observations are further evidence in favour of the model of Cremer [45, 46] , whereby the principal mechanism controlling the VPT is the interaction between anions and the polar groups of PNIPAM. With CaCl 2 , the swelling behaviour in the intermediate region 0.5 M ≤ c Cl-< 1 M is instructive. On one hand, the partial deswelling could be interpreted as evidence that the gel contains a small number, about 0.1%, of ionic groups. It could, on the other hand, arise from a weak interaction of the cation with the amide group. The observation [46] that it also occurs with Na 2 SO 4 shows that it is unrelated to intrinsic ionic content. These gels thus carry no observable signature of polyelectrolyte systems [59] .
The above observations reinforce the notion advanced by Cremer [46] that the mechanism governing the VPT operates through local interactions with hydrophobic side-groups. Such local interactions have already been detected in homopolymer PNIPAM microgels by FTIR and Raman spectroscopy [60] , while with foreign probe molecules, such as phenol, they are visualised directly by 1 H CRAMPS solid-state NMR [61] .
Conclusions
This article describes a systematic search for evidence of intrinsic ionic behaviour in the response of PNIPAM hydrogels to changes in the pH and salt conditions of their aqueous environment. Observations are made by potentiometric titration, differential scanning calorimetry, swelling measurements and osmotic pressure. The response of the swelling degree to the ionic salts KCl and CaCl 2 confirms that the VPT of the gel is governed not by the ionic strength, but by the anion concentration in the surrounding solution. The observations fail to detect any intrinsic molar ion content in the gels, and the osmotic response to added salt is inconsistent with that of polyelectrolyte systems. The equilibrium swelling degree depends both on pH and on the nature of the buffer solution, but in the latter case the effect of the salt is stronger than that of pH. As expected, at high pH the network chains become increasingly hydrolysed, and ultimately collapse, in response to the elevated anion concentration in the solution. These findings highlight the importance of the background electrolyte.
Although ionic salts affect the osmotic pressure, the phase transition temperature appears to have no direct relationship to the value of the osmotic pressure at the transition threshold. The measurements indicate, on the contrary, that the guest molecules disturb the hydrophilic/hydrophobic balance of PNIPAM through local interactions on the molecular scale.
Our investigation forecloses the idea that charged ionic groups acquired during free radical synthesis of PNIPAM play a significant role in the saga of past experimental inconsistencies. This negative result contrasts with our major finding, obtained by comparing our results with measurements in the literature and described in detail in the Appendix, that frustrated equilibrium in PNIPAM samples can give rise to extremely diverse results.
Supplementary Information (references as in main text) DSC measurements Figure 2 of the main text shows that with phosphate and Britton-Robinson buffers of different pH, a correlation exists between swelling degree and solution pH (Table S5 ), but there is no systematic variation with I. At constant pH = 4.5 the swelling degree depends strongly on the ionic strength. By contrast, for buffers with constant ionic strength the swelling degree is practically independent of the pH of the solution. The DSC response of PNIPAM gels was also investigated in phosphate buffers (Fig. S2a) at fixed pH = 4.5 and at various ionic strengths (Fig. S2b) , as well as in buffers of constant ionic strength (Fig. S2c) . In phosphate buffers a systematic downward shift of the onset temperature and broadening of the phase transition is observed with increasing pH, but there is no correlation between T onset and I (Fig. 2, main text) . In BrittonRobinson buffers at fixed I = 0.15 M, T onset shifts only slightly to lower temperatures with increasing pH, with no visible change either in the shape of the endothermic transition peak or in the correlation between T onset and pH or I (Table S5) . T onset displays the same I dependence for Britton-Robinson buffers with fixed pH. The values of ∆H and ∆S are close to those in KCl solutions (Table 2 ). It can be concluded that the swelling properties are affected not only by the pH set by a buffer but also by the composition of the buffer. Setting the pH, however, also changes the ionic strength of the solvent. These findings highlight the importance of the background electrolyte.
Buffer solutions
